ABSTRACT The mechanisms by which variations in the lipid composition of cell membranes influence the function of membrane proteins are not yet well understood. In recent work, a nonlocal thermodynamic mechanism was suggested in which changes in lipid composition cause a redistribution of lateral pressures that in turn modulates protein conformational (or aggregation) equilibria. In the present study, results of statistical thermodynamic calculations of the equilibrium pressure profile and bilayer thickness are reported for a range of lipids and lipid mixtures. Large redistributions of lateral pressure are predicted to accompany variation in chain length, degree and position of chain unsaturation, head group repulsion, and incorporation of cholesterol and interfacially active solutes. Combinations of compositional changes are found that compensate with respect to bilayer thickness, thus eliminating effects of hydrophobic mismatch, while still effecting significant shifts of the pressure profile. It is also predicted that the effect on the pressure profile of addition of short alkanols can be reproduced with certain unnatural lipids. These results suggest possible roles of cholesterol, highly unsaturated fatty acids and small solutes in modulating membrane protein function and suggest unambiguous experimental tests of the pressure profile hypothesis. As a test of the methodology, calculated molecular areas and area elastic moduli are compared with experimental and simulation results.
INTRODUCTION
Variations in the lipid composition of cell membranes can strongly affect the behavior of membrane proteins. The underlying interactions between bilayer components (lipids or other membrane-soluble molecules) and proteins can be distinguished on the basis of "specificity": the former can influence the latter either through direct binding to localized protein sites, or indirectly, by altering the structural, thermodynamic, or dynamic properties of the bilayer, which in turn modulates protein behavior. Certainly, there are many systems, particularly involving peripheral membrane proteins, in which the presence of a specific lipid submolecular fragment is crucial to protein function, strongly suggesting local recognition and binding; such interactions are not considered in the present study. Rather, we examine the consequences of a putative nonspecific mechanism of lipid modulation of protein conformational equilibria and peptide aggregation (Cantor, 1997a (Cantor, , 1997b . These equilibria are often sensitive to variation of lipid molecular characteristics, such as head group repulsion and the length or degree of unsaturation of the hydrocarbon tails, or to the concentrations of cholesterol and smaller solutes such as alcohols, general anesthetics, and other drugs. Examples of such sensitivity are well known (Bienvenüe and Sainte Marie, 1994) : the nicotinic acetylcholine receptor, a ligand-gated excitatory ion-channel protein, does not function in the absence of cholesterol in the membrane (Rankin et al., 1997) ; the meta-I to meta-II transition in rhodopsin is activated by the presence of dodecahexaenoic acyl chains and enhanced by short alkanols (Brown, 1997; Litman and Mitchell, 1996) ; and the aggregation of alamethicin (the number of peptides in the pore-forming oligomer) has been shown to be lipid-dependent (Keller et al., 1993) .
At present, the physical underpinnings of the nonspecific mechanisms by which membrane components influence embedded proteins are largely unknown. Proposed mechanisms have involved correlations of variations in bilayer composition with altered structural properties of the membrane (Bloom et al., 1991) such as thickness, coupled to the free energy through hydrophobic mismatch (Mouritsen and Bloom, 1993) or directly to thermodynamic properties such as microphase separation (Mouritsen and Jørgensen, 1997; Edidin, 1997; Holopainen et al., 1997 ) that can effect the free energy change of protein conformational equilibria. Curvature elastic stress is likely to play an important role in view of the considerable experimental evidence that proper membrane function requires incorporation of "nonlamellar" lipids (which, when the only lipid present, form inverse hexagonal phases) and that membrane homeostasis may involve proximity to the lamellar/hexagonal transition (Seddon, 1990; Brown, 1997; deKruijff, 1997; Andersson et al., 1998; Morein et al., 1996; Dan and Safran, 1998; Gruner, 1989; Gruner, 1991; Hui, 1997) . Reviews can be found in a special issue of Chemistry and Physics of Lipids (Epand, 1996) . Of particular interest is the coupling between hydrophobic mismatch and curvature stress, which has recently been carefully examined (Nielsen et al., 1998) .
Whereas small variations in lipid composition can influence protein activity significantly, the accompanying changes in membrane structural properties such as thickness are typically small, although it has been argued that relatively small changes in thickness can have a significant effect on protein equilibria (Lundbaek and Andersen, 1999; Nielsen et al., 1998) . However, such structural changes can often be achieved by small variations in temperature or other external variables that have relatively little effect on proteins (Franks and Lieb, 1994) . In addition, the composition of a membrane can be varied in such a way as to maintain, for example, constant membrane thickness but which nonetheless has a significant effect on protein function, suggesting that other, nonstructural properties may play a major role in lipid modulation of protein activity.
In recent work (Cantor, 1997a (Cantor, , 1997b ) a simple thermodynamic argument has been suggested that provides a mechanistic link between changes in the lateral pressure profile (the depth-dependent distribution of lateral stresses within the membrane) and protein conformational (or aggregation) equilibria for those intrinsic membrane proteins whose function involves a structural change accompanied by a depth-dependent variation in the cross-sectional area of the protein in the transmembrane domain. Using statistical mechanical methods, it was shown that the redistribution of pressures accompanying biologically significant changes in lipid composition could plausibly result in significant shifts in protein conformational equilibria. The methodology used to predict these shifts involved a simplified lattice approach, and results were presented only for membranes comprised of lipids whose chains were of uniform flexiblity, corresponding to saturated chains. In the present study, the statistical mechanical approach has been extended and refined to incorporate details of key lipid characteristics. These calculations allow prediction of effects of varying chain length and unsaturation, head group repulsions, and incorporation of cholesterol and small interfacially active solutes (alcohols, general anesthetics) on the pressure profile and on membrane thickness.
As discussed above, it seems likely that maintaining constant thickness is important, presumably, to ensure hydrophobic matching with intrinsic proteins. Addition of cholesterol or increasing chain length causes membrane thickening, whereas increased chain unsaturation or the strength of head group repulsions causes the bilayer to thin. In the right proportions, certain combinations are predicted to leave the thickness unchanged while radically altering the lateral pressure profile, thus separating effects of hydrophobic mismatch from redistributions of lateral stresses.
It is important to note that the influence of the lateral pressure distribution is not only intimately related to but underlies the effects of curvature stress in protein function. For small membrane deformations, the curvature elastic characteristics are expressed through the spontaneous curvature and the splay and Gaussian curvature elastic moduli (bending stiffnesses). As is well known, these parameters, which completely determine the curvature dependence of the free energy, derive from integral moments of the pressure profile and its curvature derivative. From the fact that 1) curvature elastic properties (evidenced for example by proximity to a hexagonal/lamellar transition) are closely related to 2) lipid modulation of protein behavior one can not conclude that the former causes the latter. Rather, it may only indicate that both have a common physical origin, the lateral pressure profile. The theoretical methodology is described in the second section, summarized where it is identical to the approach of earlier study, whereas the extensions and refinements are presented in detail. It should be stressed that the qualitative character of most of the results is not affected by the details of the calculational methodology. The reader more interested in the predictions can pass directly to the third section, in which the results of calculations (pressure profiles, molecular areas, and area elastic moduli) are presented and compared for a range of lipid composition, and related, at least qualitatively, to known effects of lipid compositional changes on protein function. These predictions suggest an unambiguous test of the proposed mechanism, which would require that different lipid compositions engineered to have similar pressure profiles should lead to similar protein function, whereas those lipid mixtures that alter the pressure profile should result in significantly modified protein behavior that depends directly on the specific changes in the pressure profile.
THEORETICAL APPROACH
A mean-field statistical thermodynamic theory is used to calculate the equilibrium properties of the lipid bilayer system, using a lattice model to describe the chain conformational contributions to the free energy. The utility of this kind of methodology for predicting structural and thermodynamic properties has been demonstrated for a variety of aggregates formed by flexible surfactants in solution, as well as self-assembled and spread monolayer and bilayer films (Ben-Shaul, 1995; Ben-Shaul and Gelbart, 1994; Leermakers and Lyklema, 1992; Wijmans et al., 1994; Leermakers and Scheutjens, 1988; Cantor, 1995 Cantor, , 1996 
Lattice model
The methodology in the present study derives from that developed to describe amphiphilic monolayers at an oil/ water interface (Cantor, 1993 (Cantor, , 1996 , appropriately modified to model lipid bilayers. As with all models, it relies on assumptions and approximations that serve to make the calculations tractable and result in interpretable predictions. The bilayer is treated as two compact monolayers, in each of which the segments of the acyl chains occupy space at constant bulk density, i.e., no "free volume" is permitted. The distribution of chain segments is described using a lattice model in which a chain configuration is defined as occupying a particular set of contiguous lattice sites. As in previous studies, the boundary between the hydrophilic (head-group) region and hydrophobic interior of the bilayer is approximated by a sharp planar interface. By constraining the junction of each acyl chain with its head group to reside on that plane, the complexity of, for example, the glycerol/ carbonyl linkage between the phosphocholine head group and the acyl tails in phospholipids is completely ignored as is the considerable roughness present in the interfacial region (Merz and Roux, 1996; Tielemann et al., 1997) . Although interfacial roughness could readily be incorporated into the model (Leermakers and Scheutjens, 1988) , it would require assumptions about additional interaction energies that are not well known, so it is unlikely that any further predictive value would obtain. In the cubic lattice, the sites can be grouped into layers labeled i ϭ 1, . . . , h by proximity to the aqueous (or head-group) interface. Layer 1 represents the sites in contact with the aqueous/head group region, whereas the contact between layers h of the two monolayers occurs across the bilayer midplane. For simplicity of calculation, it is assumed that chains do not cross the bilayer midplane, i.e., there is no interdigitation between monolayers. (This restriction certainly causes an increase in the fraction of bonds oriented horizontally near the midplane, affecting the orientational ordering and the lateral pressure in that region. For most biological membranes, there is little interdigitation, so this approximation is expected to be of minor importance. However, for some combinations of lipids, such as mixtures of flexible chains of very different lengths, interdigitation may occur to a much greater extent, neglect of which may lead to significant errors in predictions of properties that depend sensitively on the chain orientational distribution, such as the pressure profile.) The z axis is assigned to the bilayer normal, so the x and y axes define the bilayer plane. If ␦z is the thickness of a layer of lattice sites, then H ϭ (␦z)h represents the thickness of the monolayer.
Chain bond orientations
In principle, the bond between one chain segment and the next along the chain backbone can be oriented in any direction, defined by the continuum of solid angles. For purposes of enumeration, this continuum is divided up into a set of discrete directions each subtending a fraction of the total solid angle. In the cubic lattice, there are six lattice sites adjacent to a site in layer i: in layers i ϩ 1 and i Ϫ 1 along the "vertical" z axis, and two in each of the "horizontal" directions (x and y) in layer i. A chain conformation is described by the set of contiguous lattice sites (and associated bonds along the x, y, and z axes between them) to which it most closely corresponds.
Chain flexibility and structure
For saturated polymethylenic chains, an internal energy cost is associated with the formation of a 90°bend in the cubic lattice. The assignment of a numerical value to this energy is somewhat arbitrary because there is no simple relation between rotational isomeric states of polymethylenic chains (and the associated energy difference between trans and gauche conformers) and cubic lattice conformational states. However, comparison with predictions of chain end-to-end distances in polyethylenic chains and with the predicted surface densities of bilayer aggregates restricts the values to a fairly narrow range. Cis-unsaturation is most simply (if crudely) modeled as a strong energetic preference for a 90°b end at the point of unsaturation. The distribution of the volume of cholesterol is described as follows. Because its cross-sectional area is (roughly) twice that of an all-trans hydrocarbon chain, each cholesterol molecule is modeled as a pair of rigid rods, one end of each localized to the aqueous interface. Although the fused ring structure is rigid, the backbone axis can tilt to some extent away from the bilayer normal. However, as the cubic lattice is not good at modeling rigid rods (allowing only vertical and horizontal orientations) we compensate by allowing slight flexibility in the fused ring portion of the cholesterol molecule. On the opposite end of one rod is attached one end of a hydrocarbon tail assumed to have the same flexibility as used to describe saturated acyl chains.
Free energy
The configurational entropy of the flexible chains is calculated in mean-field approximation, incorporating bond-correlated excluded volume, as in previous studies. We let A represent the average surface area per chain with corresponding dimensionless surface area a ϭ A/A 0 , in which A 0 is the area of a lattice site face. Because the system is constrained such that all sites are occupied by a single chain segment, the thickness of the monolayer (h) is related to the chain length (i.e., the volume per chain in units of lattice site volume) through a ϭ n/h, thus ensuring that each layer has the same volume (number of sites). The probability of different conformational states q is designated as P(q). Each segment of each conformation q is characterized by the layer i in which it is found and the orientation D of the bond from the preceding segment along the chain. Because of the inhomogeneity of the bilayer in the z direction, it is important to distinguish between the positive and negative z directions; we thus define D ϭ x, y, ϩz, and Ϫz. The numbers of such segments for a given configuration q are given by D,i (q), and the average obtained from a sum over the probability distribution D,i ϭ ⌺ q D,i (q) P(q). The average number of segments (dimensionless volume) per chain in layer i, independent of direction, is given by i ϭ ⌺ D D,i . For a completely "filled" bilayer, the system will be constrained such that i ϭ a for all layers i.
The entropy of each monolayer is calculated as in earlier studies through the following procedure. A large number N of amphiphiles, with some (as yet undetermined) conformational probability distribution, is successively placed on the lattice, the segments placed sequentially starting from the head group junction. For each molecule, the number of available sites for the first segment is multiplied for each of its remaining segments by the probability that the lattice site into which it is to be placed is unoccupied. There are various levels of approximation at which this probability can be determined; as discussed elsewhere (Cantor, 1996; Cantor and McIlroy, 1989; Leermakers and Scheutjens, 1988; Leermakers and Lyklema, 1992) , it is important to use a meanfield approximation of excluded volume that accounts for bond orientational correlations. It is useful to define a set of bond directions d ϭ x, y, and v, in which b d,i ϭ d,i for d ϭ x, y, and for the vertical direction (all bonds between layers i and i ϩ 1) b v,i ϭ ϩz,iϩ1 ϩ Ϫz,i . As shown in previous work (Cantor, 1993 (Cantor, , 1996 , after a fraction ϭ j/N of chains has already been placed in the monolayer, the probability for successful placement in layer i of a particular segment of
, and f i /g v,i , for segments placed in the x, y, ϩz, and Ϫz directions, respectively, in which f i () ϭ 1 -a Ϫ1 i is the fraction of unoccupied sites in layer i, and g d,i () corrects for bond orientational correlations, with
. Using this expression for the segment placement probabilities, it is possible to evaluate (in mean-field approximation) the number of distinguishably different resulting arrangements of the monolayer once all N molecules have been placed ( ϭ 1). In the thermodynamic limit of a large number of chains, an expression for the conformational entropy per chain is obtained as an explicit function of a and the chain probability distribution P(q):
It is straight-forward to obtain a corresponding expression for a mixture of molecules of different types (e.g., lengths or stiffnesses). Let m ϭ 1, 2, . . . , label each such molecule, of length n m , expressed in units of the size of a lattice site. We let m represent the mole fractions of the different acyl chain types. The average chain length is then n ϭ ⌺ m m n m , and the segment distribution is given by
and the entropy can be written as
Bilayer energy
As in previous studies, we consider three contributions to the internal energy of the bilayer: chain energies (comprising bending stiffness and possibly a local attraction of some segments for the aqueous interface), interfacial tension, and head group electrostatic interactions. For each chain component k, an energy ⑀ b,k (dimensionless, in units of k B T) is defined for a 90°bend between successive bonds relative to that for collinear bonds. (As described below, chains with 180°bends are not allowed.) For saturated, i.e., singlebonded methylene groups, ⑀ b,s Ϸ 1; for cis-unsaturation, i.e., for the single bond following a cis-double bond it is very negative, ⑀ b,u Ͻ Ͻ -1, and for rigid linear rods, ⑀ b,r Ͼ Ͼ 1. The dimensionless internal energy of each chain state is taken as the sum of the local bending energies:
The average bending energy per chain is thus
The energy of the aqueous interface of each monolayer is assumed to be proportional to the area of nonbonded interface between the hydrophobic and hydrophilic regions, i.e., the average dimensionless interfacial energy per chain is ␥a, to within an additive constant. This approximation is equivalent to assuming a constant interfacial tension ␥, equal to that at the interface between water and bulk hydrocarbon, localized to the interfacial plane.
We model head group interactions in a quasi-two-dimensional mean-field approximation consistent with our development of the chain conformational entropy. We thus assume that the head groups are distributed randomly (subject to excluded volume, i.e., a step-function radial distribution) within a plane located on the aqueous side of the interface. The resulting contribution to the average energy per chain e hg (dimensionless, in units of k B T) is proportional to the fraction of chains with interacting head groups, their surface density, and the strength of the pair potential between nearest neighbors, so that e hg ϭ u hg hg 2 a
Ϫ1
. The constant u hg (dimensionless, in units of k B T) can be estimated from measured pressure-area isotherms and deduced virial coefficients for spread monolayer films (Stigter et al., 1992) , by comparison of lipids with strongly interacting head groups, such as phosphatidylcholine (PC), with lipids whose head groups that have much weaker electrostatic interactions such as phosphatidylethanolamine (PE). From those results, we obtain u hg (PC) Ϸ 5.0 at 25°C (the value increasing rapidly with temperature), and u hg Ϸ 0 for PE and the hydroxyl "head group" in cholesterol and alcohols. Because there are two chains per head group, a system comprised entirely of PC lipids has hg ϭ 0.5, whereas a mixture of PC with lipids without interacting head groups has hg Ͻ 0.5. Incorporation of all contributions to the free energy F yields
in which (r m ) ϭ ⌺ q exp[Ϫ⑀ b (q m )] is the statistical weight of the set of conformations {q m } ʦ r m having the same segment and bond distribution n k (q m ), as an explicit function of the molecular area and the chain probability distribution. In prior studies on spread monolayer films at the oil/water interface, the probability distribution was determined by minimizing the free energy subject to a normalization constraint on the sum of the probabilities. For bilay-ers at (approximately) constant density, i.e., in which the sites are assumed to be completely filled, the average number of sites occupied per chain must be constrained to be equal to the area per chain:
For given average chain length, the area per chain is set to ensure an integral number of layers of the same volume. Thus, one of the layer constraints may be eliminated, so we only explicitly constrain the volume in the first h Ϫ 1 layers. Minimization of the free energy with respect to each P(r m ), for each chain type m, using Lagrange multipliers i for each of the constraints of Eq. 5, and one for the probability normalization, leads to an explicit expression for the probabilities:
, and the configurational partition function for chains of type m is given by Q m ϭ ⌺ r ⌳(r m ). Using these probabilities, the dimensionless free energy f ϭ F/k B T can be written as
This expression for the free energy cannot yet be evaluated because the values of g d,i and i are not yet determined. Each g d,i depends on the chain probabilities, which in turn are explicit functions of the entire set of g d,i and i . For given thickness h (and thus molecular area a), these values can be determined by reiterative solution of a set of equations for the directional segment distributions D,i as given in Eq. 2. In each layer i, initial guesses are made for the ϩz,i and Ϫz,i (except in layer h, for which Ϫz,i ϭ 0, and for layer 1, in which ϩz,i ϭ 1) and for i in layers i ϭ 1 to h Ϫ 1. The constant volume constraint then determines x,i ( ϭ y,i ) in each layer, because x,i ϭ y,i ϭ [a Ϫ ( ϩz,i ϩ Ϫz,i )]/2. These guesses are used to determine the g d,i , which then allows evaluation of the chain probability distribution from which new values of the D,i are obtained. The procedure is performed reiteratively using a generator matrix method (Cantor, 1996) until convergence is reached; it is checked with varying initial guesses to ensure that the solution is unique.
In all calculations for which results are presented below, we have used a value of ␥ ϭ 2.5, corresponding to an interfacial tension of 2.5(k B T/A 0 ) Ϸ 50 dyn/cm, a representative value (Jaycock and Parfitt, 1981) at the fluid interface between medium length alkanes and water. We set A 0 Ϸ 20 Å 2 , the approximate area per chain of a fluid monolayer of vertically aligned (all-trans) hydrocarbon chains. The thickness of a layer is taken to be ␦z Ϸ 1.27 Å, the length of a methylene group along the director of an all-trans chain. Unfortunately, this results in a lattice in which the sites are not isodiametric, being considerably smaller in the vertical than in the horizontal directions. This broken symmetry affects the description of the chain conformational statistics, but it can largely be accounted for by appropriate choice of the bending (free) energy. In the present study, we (somewhat arbitrarily) set ϭ exp(Ϫ⑀ b /k B T) ϭ 0.45 for a 90°b end of a saturated alkyl chain. Calculations using this value yield approximately the correct end-to-end distance of alkyl chains in the melt and also predict the experimentally determined average molecular areas and number of kinks in lipid bilayers. Changes in the value of within physically reasonable limits alter the details of the predictions; decreasing leads to smaller molecular areas, greater chain orientational order, etc. However, qualitative features, such as the dependence of pressure profiles on chain unsaturation, length, cholesterol content, etc., are independent of the choice of within a reasonable range.
Lateral pressures and equilibrium
The molecular area (and thus the thickness) of the equilibrium state of the bilayer occurs when the free energy is minimized with respect to area, i.e., when the lateral pressure ⌸ ϭ -dF/dA is zero, or expressed in dimensionless units: ϭ -df/da ϭ -(A 0 /k B T)⌸ ϭ 0. Unfortunately, as mentioned above, the relationship between average area per chain and chain length (ah ϭ n) permits only a discrete set of values of a for which the bilayer thickness is an integral multiple of the layer thickness, i.e., for which each compact monolayer has an integral number of layers completely filled with chain segments. The expression for the free energy in Eq. 7 is thus valid only for these discrete values of a, so it is not possible to determine the lateral pressure from an analytical derivative of this expression. To determine the equilibrium molecular area, we repeat the procedure described above for a range of different integral values of h and thus of a. The calculated values of f are plotted as a function of a and fit to a polynomial, the minimum of which determines both the equilibrium area a eq and free energy f eq . Typically, the discrete calculated free energies are found to be accurately fit by a quadratic (or at most a cubic) in a or ln(a). The calculated f eq and a eq are generally quite insensitive to the number of points or to the order of the polynomial used for the fit. The (nonintegral) number of layers at equilibrium is designated as h eq , and the equilibrium thickness is thus given by H eq ϭ h eq ␦z ϭ (h Ϫ 1)␦z ϩ ␦z h , in which ␦z h is the thickness of layer h.
An estimate for the lateral pressure distribution i (the lateral pressures in each layer i) at a eq is obtained using the following approximation. For each value of a corresponding to an integral number of completely filled layers, we calculate the explicit areal derivative of the bilayer free energy, c ϭ -df/da (in dimensionless units), subject to the density constraints in layers 1 through h -1. This corresponds to the procedure of increasing the area (the volume, at fixed thickness of the layer) in layers 1 through h -1 by an amount dA, and decreasing it by an amount (h -1)dA in layer h. Of course, a decrease in area at fixed thickness of layer h is not equivalent to the physical effect of a decrease in thickness at fixed area, but it yields a reasonably good approximation, because the chains in this layer are typically quite disordered, and the pressure is small in this layer regardless of how it is approximated. In any case, this procedure allows the total lateral pressure as well as the individual layer pressures i to be estimated. The quality of the approximation can be estimated by comparing c obtained by this procedure to the value for determined from the best-fit f(a) curves as described above, at each value of a. In most cases, the differences are predicted to be small (often smallest near the predicted free-energy minimum), and it is likely that the errors introduced are small compared with other approximations in the approach.
Setting the pressure equal to the negative of the areal derivative of the free energy of Eq. 7, subject to the h -1 constraints given in Eq. 5, leads to the following simple expression for c , the calculated (dimensionless) pressure:
in which the head group contribution is hg ϭ u hg a Ϫ2 , and the layer pressures are given by
The equilibrium head group pressure is calculated directly, with hg,eq ϭ u hg a eq Ϫ2 . An estimate for the pressure i,eq in layer i at the equilibrium area a eq is obtained by interpolating between the values of i calculated for the pair of areas aЈ and aЉ (with corresponding pressures Ј and Љ) that bracket a eq : i,eq ϭ ( i ЈЉ -i ЉЈ)/(Љ -Ј). Use of the weighting factors Ј and Љ ensures that the total pressure is zero at equilibrium. In many cases, a plot of i against area is found to be nearly linear, so this procedure provides a reasonably good approximation.
RESULTS
Predicted lateral pressure profiles are presented for systems of varying lipid composition. In all cases studied here, the two monolayers of the bilayer are of identical composition. Thus, in the pressure profiles, only half of the bilayer is shown. For purposes of graphing the pressures as an explicit function of depth in the bilayer (z), the pressure of a layer is localized at the value of z corresponding to the center of that layer. As discussed in previous work (Cantor, 1997b) , it is useful to reexpress (z) as a lateral pressure density p(z) ϭ (z)/␦z, which is independent of the choice of layer thickness, for sufficiently small ␦z. (In the limit ␦z 3 0, the number of layers becomes infinite, so the pressure at given depth must tend to zero in proportion to ␦z, and the value of p(z) at given z is thus independent of the layer thickness.) In units of bulk pressure, p(z) is obtained from the (dimensionless) lateral pressure (z) through p(z) ϭ p 0 (z), in which p 0 ϭ k B T/(A 0 ␦z), except in layer h, in which ␦z is replaced by the fractional thickness ␦z h .
There is an intrinsic difficulty in comparing p(z) for bilayers comprised of different lipids because their predicted equilibrium thicknesses will generally differ. Because it is clearly impossible to align, for example, both aqueous interfaces among bilayers of different thickness, a single bilayer position must be selected. There are two obvious (if arbitrary) choices. It is often useful to align the aqueous interface of one monolayer and report the depth (z) as distance therefrom; for example, to consider variations in the pressure experienced by a small amphiphilic solute that will likely be localized near the aqueous interface. It is also useful to display the pressures by aligning the center of the bilayer, in which case z represents the distance from the bilayer center; this may be more useful in considering effects of shifts in the pressure profile on transmembrane proteins.
Single-component bilayers
In the first set of results, presented in Fig. 1 , we examine single-component bilayers of varying chain length and unsaturation, considering first lipids without head-group electrostatic interactions (u hg ϭ 0). (Note that the area under the p(z) curve represents the sum of all but the interfacial tension contribution to the total pressure and is thus constant for u hg ϭ 0.) The effect of increasing chain length from 14 to 20 carbons in saturated lipids is presented in Fig. 1 (center-aligned in panel a and interfacially-aligned in panel b). Not surprisingly, increasing length results in progressively larger bilayer thickness and molecular area, as seen in Table 1 . The pressure density is predicted to decrease as it spreads out over the half of the monolayer adjacent to the bilayer center, whereas the pressure profile within the first few layers adjacent to the aqueous interface shows little dependence on chain length. The effect of varying position of a single cis-double bond for 18-carbon chains is presented in Fig. 1c and d. For chains with cis-unsaturation close to the terminal methyl, such as 18:1 ⌬15 , the pressure profile is very similar to that obtained for the saturated 18:0, because the double bond is distributed fairly broadly around the bilayer center where the chains are quite orientationally disordered even without the cis-double bond. As the location of the cis-unsaturation is moved up the chain toward the head group, the effect on the pressure profile becomes more pronounced. For 18:1 ⌬12 , the membrane thins and the pressure increases slightly, mostly in the middle of the monolayer. For 18:1 ⌬9 , the decrease in bilayer width is much greater and the more pronounced pressure increase is maximal closer to the aqueous interface, although it is still broadly distributed. Moving the double bond closer to the interface leads to qualitative changes in the pressure profile, although the thickness of the bilayer is not further reduced. For 18:1 ⌬6 and particularly for 18:1 ⌬3 , the double bond is necessarily localized near the aqueous interface, resulting in the very large excess pressure. The larger molecular area causes the chains to be much more orientationally disordered nearer the center of the bilayer, leading to a decrease in pressure. It is useful to compare the trends resulting from increased length of saturated chains and the position of chain unsaturation. Note that while both a decrease in length and a shift of the double bond away from the methyl terminus toward the middle of the chain lead to a broad pressure increase, it occurs in somewhat different region; in the former case toward the bilayer center and in the latter case more toward the aqueous interface.
It is important to examine the effect of multiple unsaturation at fixed chain length, because in addition to oleic acid (18:1 ⌬9 ), the lipids formed from linoleic (18:2 ⌬9,12 ), ␣-linolenic (18:3 ⌬9,12,15 ), and ␥-linolenic (18:3 ⌬6,9,12 ) acids are important as precursors of arachidonic (20:4 ⌬5,8,11,14 ) and docosahexaenoic (22:6 ⌬4,7,10,13,16,19 ) acids, although the 18:3 fatty acids themselves are not commonly found in more than trace amounts in membranes. The predicted pressure profiles for 18:1 ⌬9 , 18:2 ⌬9,12 , and 18:3 ⌬9,12,15 are very similar, as seen in Fig. 2a, i. e., starting with a double bond at the middle of the chain, there is little effect upon incorporation of additional cis-unsaturation progressively toward the methyl terminus. As seen in Table 1 , the bilayer thickness is also little changed. This suggests that, to the extent that the pressure profile influences membrane function, these three lipids may be largely interchangeable. This is not the case if the unsaturation begins closer to the head group. The effects of ⌬6 and ⌬9,12 unsaturation are somewhat additive, as seen in Fig. 2b and Table 1. The 18:3 ⌬6,9,12 bilayer is thinner than that of either 18:1 ⌬6 or 18:2 ⌬9,12 , and the pressure profile shows a slightly increased pressure in the layers near the aqueous interface without the decrease in pressure closer to the center of the bilayer that is predicted for 18:1 ⌬6 . If it is important to increase the lateral pressure closer to the aqueous interface with a smooth decrease in pressure toward the center of the bilayer, it would appear that multiple unsaturation is effective, although it is accompanied by pronounced thinning of the membrane. Is there a way to effect this shift of pressure out of the bilayer interior without further membrane thinning? Because increasing chain length causes the bilayer to thicken, it seems logical to consider longer multiply unsaturated chains, such as the common membrane lipids formed from arachidonic (20:4) and docosahexaenoic (22:6) acid. In Fig. 2c , the pressure profiles predicted for these two lipid chains exhibit a further shift to higher pressures even closer to the aqueous interface, as compared to 18:3 ⌬6,9,12 . (The apparent roughness of the pressure profiles, particularly for 22:6, is largely an artifact of the discreteness of the lattice model. In fact, an equimolar mixture of 20:4 and 22:6 gives a much smoother pressure profile of similar overall shape.) Although the thickness of the membrane is much less than that for the saturated chains of biological importance (16:0 and 18:0), it is somewhat greater than that of 18:3 ⌬6,9,12 .
Calculations for all of the lipids described above have also been performed over a range of head group repulsion strengths. All else being equal, setting u hg Ͼ 0 causes a shift in the equilibrium to larger molecular areas, and thus the equilibrium bilayer thickness decreases. However, because hg ϭ u hg a Ϫ2 , bilayers with small molecular area in the absence of head group repulsions, as for saturated chains, are much more strongly affected by incorporation of head group repulsions than those of large molecular area, characteristic of the longer, more highly unsaturated chains, as is clear from the data presented in Table 1 . For example, increasing u hg from 0 to 5 (roughly equivalent to switching from PE to PC headgroups at 25°C) results in a decrease in bilayer thickness that is four times greater for the saturated chains than for 20:4 or 22:6.
Lipid mixtures
It is useful to compare the effects of addition of small amounts of various lipid chains and cholesterol with a bilayer of "standard" composition, somewhat arbitrarily chosen to consist of 16:0 chains. Predicted changes in the pressure profile, ⌬p(z), upon addition of 1 mol % of lipids (containing 18:0, 18:1, 18:2, ␣-18:3, ␥-18:3, 20:4, or 22:6 chains) or cholesterol are presented in Fig. 3 . Results for both strongly repulsive (u hg ϭ 5) and noninteracting (u hg ϭ 0) head groups are given. As with the trends for pure lipid bilayers, the addition of unsaturated chains redistributes pressures from a broad region fairly close to the center of the bilayer to a region centered perhaps 4 or 5 Å from the aqueous interface, with little change adjacent to the aqueous interface. The effect is far more pronounced (and the pressure increase is somewhat closer to the interface) for chains with multiple unsaturation beginning near the head groups (␥-18:3, 20:4, 22:6) than for chains with unsaturation no closer than midway down the chain (␣-18:3, 18:2, 18:1). For the unsaturated chains, the presence of head group repulsions reduces significantly the magnitude of the pressure changes. Clearly, the effect of cholesterol is unlike that of the unsaturated chains. A pressure decrease is predicted near the interface of greatest magnitude adjacent thereto, with compensating pressure increase in the bilayer interior. Interestingly, the depth at which ⌬p switches sign is approximately the same as for the highly unsaturated chains.
The admixture of cholesterol or a different lipid to the 16:0 bilayer is accompanied by a change in thickness, as summarized in Table 2 . The effect is large and positive for cholesterol while quite negative for the highly unsaturated chains, particularly in the absence of head group interactions. The magnitudes are predicted to be much larger than would result from ideal mixing, as reflected in the calculated partial molar thickness of the added lipid H 2 ϭ H eqx 1 (dH eq /dx 1 ), in which x 1 is the mole fraction of the majority (16:0) lipid component.
Not surprisingly, the predicted effects of admixture of different lipids are not linear functions of their concentration. In general, the addition of a small amount of saturated chains to a bilayer consisting of unsaturated chains has much smaller impact than a small amount of unsaturated chains added to a saturated bilayer. For example, the pressure profile and thickness of a 1:1 mixture of 16:0 and 18:1 chains are predicted to resemble more closely a bilayer comprised entirely of 18:1 than of 16:0. Also, the shift in the pressure profile accompanying addition of cholesterol becomes increasingly nonlinear for x chol Ͼ 10% (the details depending on the composition of the bilayer to which it is added) even ignoring the possibility of bulk phase separation (Cantor, 1996) .
The data presented in Tables 1 and 2 suggest that a wide range of possible manipulations of bilayer composition (such as addition of cholesterol or a shift to weaker headgroup interactions (e.g., PC to PE), accompanied by admixture of either shorter or more unsaturated chains) can leave the membrane thickness unchanged, while significantly redistributing the lateral pressures. The predicted pressure redistributions, ⌬p(z), for some representative compositional changes that conserve thickness are presented in Fig.  4 . For example, starting with a bilayer comprised of saturated 16:0 chains, addition of 40 mol % (total) of a mixture of 18:0 and 18:1 ⌬9 lipids is predicted to maintain constant thickness with 25% 18:0 and 15% 18:1 ⌬9 for u hg ϭ 0, and with 16.5% 18:0 and 23.5% 18:1 ⌬9 for u hg ϭ 5. In both cases, the pressure is redistributed from deep in the membrane interior to a broad region centered about 4 Å from the interface. Pressure redistributions of much greater magnitude are predicted to occur with admixture of cholesterol and highly unsaturated lipids. For example, starting with a bilayer comprised of a 1:1 mix of 16:0 and 18:1 ⌬9 lipids, addition of cholesterol and 20:4 and 22:6 lipids (with a total of 40 mol % of additives, the 20:4 and 22:6 lipids kept in 1:1 proportion) results in no change in thickness for the following compositions: x chol ϭ 0.18, x 20:4 ϭ x 22:6 ϭ 0.11 (u hg ϭ 0), and x chol ϭ 0.12, x 20:4 ϭ x 22:6 ϭ 0.14 (u hg ϭ 5). The pressure is predicted to decrease immediately adjacent to the aqueous interface, then increases significantly over the next 4 Å, and decreases slightly over the middle half of the bilayer. As a final and somewhat extreme example, weak (u hg ϭ 0) head group repulsions are replaced by strong (u hg ϭ 5) repulsions for a 1:1 mix of 16:0 and 18:1 ⌬9 lipids (e.g., replacing 1-palmitoyl-2-oleoylphosphatidylethanolamine (POPE) with 1-palmitoyl-2-oleoylphosphatidylcho-FIGURE 2 Effect on p(z) of increasing acyl chain unsaturation for single-component bilayers without head group repulsions: (Ⅺ) 18:1 ⌬9 ; (E) 18:2 ⌬9,12 ; (ϫ) 18:3 ⌬9,12,15 ; (F) 18:1 ⌬6 ; (f) 18:3 ⌬6,9,12 ; (ϩ) 20:4 ⌬5,8,11,14 ; () 22:6 ⌬4,7,10,13,16,19 ; (‚) 16:0 (included for purposes of comparison.) All panels are interfacially aligned.
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line (POPC)) and the thickness of the bilayer restored either by addition of cholesterol (12%) or by addition of 18:0 lipid chains (58%). In both cases, the enormous increase in pressure in the head group region is offset by a decrease in pressure spread throughout the bilayer interior. However, with cholesterol, the drop in pressure is greatest near the aqueous interface, whereas with addition of 18:0, the drop is largest at much greater depth within the bilayer. It is evident from the curves in Fig. 4 that changes in the composition of membranes can result in large redistributions of p(z) with no change in thickness, i.e., with no effect on hydrophobic matching.
In an earlier study (Cantor, 1997a) , we considered the effect of admixture of short n-alkanols on the pressure profile. The predictions obtained in the present analysis resemble qualitatively those obtained earlier. Examples of the resulting ⌬p(z) are presented in Fig. 5a for admixture of 1 mol % of alkanol chains of varying length n to a bilayer comprised of 16:0 chains with u hg ϭ 0 (DPPE). Tethering a short alcohol at one end to the interface requires its volume to be localized near the interface where the pressure increases markedly, compensated by a decrease in pressure spread through the bilayer interior. The spacial localization and thus the magnitude of the effect clearly increase sharply with the difference in lipid and alkanol chain lengths.
Can the effect of short alcohols on p(z) be reproduced using a lipid instead of a small amphiphilic solute? Examination of p(z) for 18:1 ⌬3 as presented in Fig. 1 suggests that a lipid rigidly bent near the head group might act similarly. In Fig. 5b , are presented the calculated ⌬p(z) for admixture of 1 mol % of lipids with 18:1 ⌬m chains, for representative small values of m. The similarity of the effect of addition of FIGURE 3 Lipid mixtures: ⌬p(z) upon addition of 1 mol % lipid to a 16:0 bilayer. In panels (a) and (c) the lipids have u hg ϭ 0; in (b) and (d) the lipids (but not cholesterol) have u hg ϭ 5. The points at (somewhat arbitrarily placed) negative distance from the interface represent ⌬p from head group interactions. Additives: (ࡗ) 18:0; (Ⅺ) 18:1 ⌬9 ; (E) 18:2 ⌬9,12 ; (‚) 18:3 ⌬9,12,15 ; (᭛) 18:3 ⌬6,9,12 ; (ϩ ϫ) 18:1 ⌬3 ; (ϩ) 20:4 ⌬5,8,11,14 ; (ϫ) 22:6 ⌬4,7,10,13,16,19 ; (ƒ) cholesterol. Note the differences in vertical scales.
small amounts of 18:1 ⌬m lipids and alkanols of length n ϭ m is striking but not surprising. In both cases, the additive excludes a greater volume close to the interface, either because of its short length or because of the localized cis-unsaturation.
The mechanisms by which small interfacially active solutes such as ethanol or general anesthetics modulate the behavior of ion-channel proteins are of enormous interest. Although consideration of nonspecific, lipid-mediated mechanisms is currently unpopular, the redistribution of lateral pressures offers a plausible mechanism for the influence of anesthetics and alcohol on membrane proteins (Cantor, 1997a (Cantor, , 1997b . The results presented in Fig. 5b , in which an unnatural lipid and a short n-alkanol are predicted to have the same effect on p(z), suggests an unambiguous test of this hypothesis. If it is the redistribution of lateral pressures that results in modulated protein activity, then admixture of an 18:1 ⌬m lipid into the bilayer should have a similar effect on protein behavior as does introduction of a short alkanol of length n Ϸ m. For ion-channel proteins that can be reconstituted in an artificial bilayer of variable composition, electrophysiological measurements might then provide a test of the relevance of lateral pressure distributions on the mode of action of ethanol and anesthetics.
Molecular areas and area elastic moduli

Molecular areas
As a test of the quality of the approximations intrinsic to the mean-field lattice approach (and the choice of ϭ 0.45 as the bending stiffness parameter), we can compare the trends in equilibrium molecular areas reported in Table 1 with experimental measurements and results of molecular dynamics simulations on fully hydrated bilayers. Unfortunately, the results of experimental measurements (TristramNagle et al., 1998; Nagle et al., 1996; Nagle, 1993; Koenig et al., 1997; Rand and Parsegian, 1989 ) and molecular dynamics simulations (Feller et al., 1997 , Tielemann et al., 1997 Tobias et al., 1997 ) exhibit a considerable range of values of A eq even for the most studied fluid bilayers. Nonetheless, the prediction of a gradual increase of A eq with (1998) and Nagle et al. (1996) report an increase of 9.3 Å 2 (from 62.9 to 72.2 Å 2 ), whereas an increase of 10.4 Å 2 is predicted in our calculations.
Area elastic moduli
As described earlier, the calculational procedure in the lattice model yields predictions of the free energy over a (discrete) set of values of molecular area bracketing the free energy minimum. From the fit of these points to a continuous curve (from which values of A eq and F eq are obtained), it is possible to evaluate the second areal derivative of the free energy of the bilayer (FЈ ϭ 2F), and thus predict the area elastic modulus
In most cases, the quality of the fits of f to polynomials in either a or ln(a) is good enough that the predicted second derivative is virtually unaffected by the choice of fitting procedure (as for saturated chains), although for other lipids (particularly for single-component bilayers comprised of either 18:1 ⌬9 , 20:4, or 22:6 chains) the magnification of error that characterizes multiple differentiation does lead to some variability in the predicted values of K a (the worst case being no more than Ϯ 5%.) More importantly, the predictions for K a are considerably more sensitive than the pressure profiles to the choice of the chain bending stiffness parameter, the manner in which the cis-unsaturation is described, and various other approximations of the lattice mean-field approach. Thus, the values of K a listed in Table  1 are only useful in revealing qualitative trends (with increasing chain length, unsaturation, cholesterol content, etc.) and would not be expected to provide accurate absolute numerical values. With this caveat in mind, it is still useful to examine the predictions and compare them to measurements from the literature. The lowest values of K a are predicted for saturated chains, with virtually no dependence on chain length. Addition of one cis-unsaturation causes a marked increase in K a except when the double bond is located near the terminal methyl group of the acyl chain. Increased unsaturation of the acyl chains is predicted to result in even stiffer bilayers. For equimolar mixtures of saturated and unsaturated chains, K a is calculated to be closer to the value for the pure unsaturated than for the pure saturated system, i.e., the addition of unsaturated chains stiffens the bilayer to a greater degree than a linear relation would predict. Changing the strength of head group repulsions is predicted to have relatively little effect on K a . Some, but not all of these trends are observed experimentally (although in general, the predicted K a are significantly greater than the measured values.) The area elastic modulus of fluid bilayers has been measured using both micropipette suction on vesicles (Evans and Rawicz, 1990; Needham and Nunn, 1990 ) and obtained using nuclear magnetic resonance and x-ray diffraction on multilamellar dispersions (Koenig et al., 1997) for lipids with varying chain length and unsaturation: diarachidoylphosphatidylcholine (DAPC, di-20:4), dimyristoylphosphatidylcholine (DMPC, di-14:0), 1-stearoyl-2-oleoylphosphatidylcholine (SOPC, 18:0/18: 1 ⌬9 ), and 1-stearoyl-2-docosahexaenoylphosphatidylcholine (SDPC, 18:0/22:6). The reported value of K a is smaller for DMPC bilayers (Ϸ0.14 N/m) than for SOPC bilayers (0.22 N/m at 30°C (Koenig et al., 1997) , and 0.19 at 18°C (Evans and Rawicz, 1990 ) and at 15°C (Needham and Nunn, 1990)) in qualitative agreement with predictions for these lipids (0.22 and 0.26 N/m, respectively). However, whereas K a is predicted to be even larger for the more highly unsaturated lipids DAPC and SDPC than for SOPC, the measured values are considerably lower: 0.12 N/m (Koenig et al., 1997) for SDPC; 0.14 N/m (Evans and Rawicz, 1990 ) and 0.06 N/m (Needham and Nunn, 1990) for DAPC. The source of this major discrepancy is not known.
Calculations have been performed for lipid-cholesterol mixtures for a range of cholesterol mole fraction (up to x chol Ϸ 0.20) for a wide range of lipids. For all lipids studied, addition of cholesterol is predicted to result in a gradual increase in K a , a few examples of which are presented in Table 1 . Upon addition of 20% cholesterol, K a increases by 10 to 20%, the smallest change occuring for saturated lipids. This increase is consistent with measured values for SOPC (Needham and Nunn, 1990 ) at low cholesterol content. Calculations have not been performed for much higher cholesterol mole fractions, because the theoretical approach presumes the bilayer to remain as a single fluid phase, which is not likely to be the equilibrium state of the bilayer except at fairly low cholesterol content.
DISCUSSION
Lattice statistical thermodynamic methodology based on previous studies on spread monolayer films has been developed and used to calculate the equilibrium distribution of lateral stresses in bilayers. Variation of acyl chain length, the location and number of cis-double bonds, the addition of cholesterol and small interfacially active solutes, and variation of the strength of head group repulsions are all predicted to have significant effects both on the pressure profile and on bilayer thickness. To eliminate possible effects of hydrophobic mismatch arising from altered bilayer thickness, changes in bilayer composition were investigated that are predicted to occur at fixed bilayer thickness while effecting a significant redistribution of the pressures.
It would be useful to compare the pressure profiles predicted here with experimental measurements, but no direct and unambiguous measurement of (z) is yet available. In recent studies, using both a mean-field lattice approach and Monte Carlo simulations, Harris and Ben-Shaul (1997) have calculated pressure profiles for bilayers of 5-and 10-segment chains of hard spheres. In their approach, the bonds are of fixed length, and there is no energy dependence of bond angles, except as arises through excluded volume repulsions among nonbonded spheres. The shape of the predicted (z) for saturated chains in Fig. 1a and b is in qualitative agreement with the results of Harris and BenShaul, although their predicted pressure profile is shifted considerably away from the bilayer interior. This is not surprising, because our calculations are performed for semiflexible chains ( ϭ 0.45); in fact, results for flexible chains ( ϭ 1.0, not shown) are in somewhat closer agreement with the predictions of Harris and Ben-Shaul.
The effect of unsaturation on the pressure profile is predicted to be greatest when closest to the head group, because the resulting "kink" is necessarily localized near the aqueous interface where it strongly perturbs the packing of the chains that are quite orientationally ordered in that region, causing a significant increase in lateral pressure at that depth. However, when the double bond occurs toward the end of the acyl chain, it is located predominantly near the center of the membrane where the hydrocarbon chains are orientationally disordered, and thus has relatively little effect on chain packing. For example, lipids derived from two of the commonly occuring unsaturated fatty acids, oleic and linoleic, and the less common ␣-linolenic acid have very similar effects on the pressure distribution and on bilayer thickness. For all three, the double bond closest to the head group occurs at the ninth carbon with the additional double bonds at the 12-position and the 15-position having little additive effect. Shifting the unsaturation closer to the head groups has an enormous impact as seen in a comparison of ␣-linolenic and ␥-linolenic chains. If a large and broad redistribution of pressure from the interior toward the aqueous interface were needed for proper protein function, it would require lipids with multiple unsaturation beginning closer to the head group and continuing well down the lipid chain. Why then are ␥-linolenic chains, which accomplish this objective, not commonly found in membranes? Its large shift in pressure toward the aqueous interface is accompanied by a marked decrease in bilayer thickness, which may also influence membrane proteins. However, longer chains of broadly distributed unsaturation, such as in arachidonic and docosahexaenoic acid, compensate considerably for this thinning while effecting a similar shift in the pressure profile. The importance of these highly unsaturated lipids in membranes may thus result from their ability to shift lateral pressure out of the bilayer interior with minimal membrane thinning, potentially relevant to their role in modulation of rhodopsin activity. The effect on the equilibrium between the meta-I and meta-II states of rhodopsin has been determined as a function of acyl chain unsaturation in phosphatidylcholine bilayers and upon addition of alcohols of varying chain length . An increase in meta-II population (rhodopsin activation) is observed either with increasing chain unsaturation (di-14:0 3 16:0/20:4 3 16:0/22:6 3 di-20:4 3 di-22:6) or with addition of short-chain alcohols (but sharply reduced with increasing alkanol chain length) consistent with the similarity of the predicted effects of increased unsaturation and addition of short alcohols on the pressure profile.
What about the role of cholesterol in membranes? The pressure profile is strongly affected by admixture of even small quantities of cholesterol, characterized by a shift of pressure toward the membrane interior with the decrease in pressure of greatest magnitude adjacent to the aqueous interface. Because cholesterol thickens the bilayer, it serves well in combination with unsaturated lipids (or highly repulsive head groups) to redistribute pressures at constant membrane thickness. It is evident that its effect on p(z) near the aqueous interface is largely opposite to that of short chain alcohols and other interfacially active small solutes such as general anesthetics. This is consistent with the opposing effects of cholesterol and ethanol on various ion channels such as the nicotinic acetylcholine receptor (Rankin et al., 1997) and the calcium-activated potassium channel (Chang et al., 1995; Chu et al., 1998) .
It is interesting that the effect of small interfacially active solutes on the pressure profile can be reproduced by admixture of similar concentrations of lipids that, like ethanol, cause a large pressure increase adjacent to the aqueous interface. This can arise from cis-unsaturation near the head group, either in an unnatural acyl chain such as 18:1 ⌬m for small m, or possibly through a change in the linkage between the head group and the acyl chains if it is kinked, as in plasmalogens (Lohner, 1996) , occupies a greater volume, or requires that the orientation of the connection to one or more of the acyl chains lie more in the plane of the bilayer.
